Abstract Poppy seeds (P apaver somnif erum L.) are often attacked by various fungal diseases, and their field germination rate is low. The aim of this experiment was to increase the germination rate and growth of seedlings by modifying the poppy seeds using cold plasma discharge. The seeds were treated in a Plasonic AR-550-M under power of 500 W with argon gas flow of 50 mL/min, oxygen gas flow of 50 mL/min for different time durations in seconds (0, 180, 300, 600, 1800, 3000, 4200, and 5400). The seed germination rate and growth of the seedlings were recorded. Cold plasma positively affected the seed germination rate for time exposure between 180∼3000 s. Seedling acceleration on the sixth day of the experiment showed the highest values at exposure 180∼600 s. Cold plasma seems to be a good physicochemical way to modify seeds without chemical agronomical application.
Introduction
Poppy (P apaver somnif erum L.) belongs to the papaveraceous family (Papaveraceae). This annual plant grows only from seeds, and its polyspermous capsulespoppy heads -contain a large number of seeds. Poppy is a versatile plant, grown mainly for its oily seeds that are used in food industry -bakeries, confectioneries, and in households. A part of the production is processed to get technical oil. Poppy is also of a high importance in pharmaceutical industry. Empty poppy heads with short stems contain precious alkaloids used for producing medicaments [1∼3] .
Unfortunately, seeds do not show a 100% germination rate [4] , they are often attacked by fungal diseases [5] , have short longevity [4] , and have a low field germination rate [6, 7] . To increase usage of poppy seeds in industry means to avoid loss caused by the above mentioned seed characters.
Previous experiments with wheat and oats confirmed a positive influence of non-thermal plasma on germination rate, growth, and breeding of plants [8∼11] . Above all, plasma treatment is probably a good way to disinfect the surface of the seeds that are attacked by microbial infection [12, 13] . Study of both plasma treatment disinfection on seed surfaces [14] and the effect of low energy ions on cultivation [11, 15] may bring a potential possibility to restore health to poppy seeds and support agriculture and food industry. The aim of this experiment was to test poppy seeds. The research was focused on the effect of plasma treatment (wide range of exposition) on germination and early growth of poppy seeds.
Materials and methods
Seeds were obtained from a food shop. Then they were modified in a Plasonic AR-550-M, which is a low-pressure and low-temperature microwave apparatus generating plasma using a stationary-wave resonator. Seven treatments were tested with different time-exposure (180 s, 300 s, 600 s, 1800 s, 3000 s, 4200 s, and 5400 s). Other parameters were constant: power 500 W, oxygen gases-flow rate 50 mL/min, and argon gas 50 mL/min. A reference sample represents seeds without any treatment. To test the influence of low pressure, seed samples were treated for 10 min in a vacuum chamber in the Plasonic AR-550-M apparatus without plasma (named as "vacuum control"; in figures named as "vacuum").
The experiment was run under laboratory conditions. Plastic Petri dishes of 9 cm in diameter were used for assessing germination rate and early growth. Three pieces of KA0/80 filter paper, 5 mL of distilled water, and 30 tested seeds were inserted into each dish. Each treatment was repeated five times. Data about the number of germinating seeds, the length of the seedlings during growth and their dry-mass weight were collected. All the data were assessed on a daily basis until primary leaves appeared.
List of investigated characteristics:
N cont (j) . . . . . . mean number of germinated seeds in j day
.
l treat (j) . . . . . . mean length of seedling in j daytreatment 
Results
The poppy seeds started to germinate on the fourth day from the beginning of the experiment (Fig. 1) . On this day, positive significant differences in seed germination rate were recorded among different time exposure 3 min, 5 min, and 10 min (115%, 113%, 111%, respectively), in comparison with reference and vacuum samples (Tukey test, P <0.01). From the fifth day, a decline in the difference between the reference (100%) and treated samples was observed (Fig. 1) . On the fifth day, the best seed germination rate was recorded at seeds modified for 3 min and 5 min (104%, 102%, respectively). On the sixth day, the best seed germination rate was shown at seeds modified for 3 min (102%). The seed germination rate for the vacuum control was smaller than the reference sample (not at a significantly level). Some treated poppy seedlings were longer than the reference and vacuum samples from the fourth day of the cultivation (Fig. 2) . A significant difference was found in the sample treated under 50 min exposure on both the fifth and sixth days (Tukey test, P <0.01). The highest sum of seedling length was observed under treatment of 50 min throughout the seed cultivation (Fig. 3) . The sum of seedling length of the other tested samples was smaller than the reference and vacuum samples. Seedling growth from the seeds treated for a short time was significantly higher on the sixth day of cultivation (Tukey test, P <0.001) (Fig. 4) . The samples treated by cold plasma for 3 min, 5 min, and 10 min were 137%, 125%, and 131% long, respectively, in comparison with the reference. No significant differences were found between the mean dry weight of the treated seedlings (time of 3 min, 5 min, and 10 min) and the reference sample (Fig. 5) . The highest weight was recorded in seedlings after 3 min treatment (119%) in comparison to the reference sample. 
Discussion
The positive influence of plasma treatment on poppy seed germination rate was confirmed mainly for shorter exposure times (Fig. 1) , in a statistically significant amount. A short time of plasma treatment was more effective on the weight of seedlings compared with the reference sample and the other long durations of plasma treatment (Fig. 5) ; but without statistical significance.
The most suitable time parameters of plasma treatment were the most efficient ones: 3 min, 5 min, 10 min, and 50 min (Figs. 1∼3) . Data of samples under 10 min exposure showed high variability (Fig. 2) , which brings evidence of the "non-stability" of the tested characteristics. Effective longer time (50 min) on sum of seedling length was observed (Fig. 3) . The length of seedlings is not as crucial for vital useful growth of seedlings as the weight of the growing seedling biomass is. So, the result with 50 min treatment should be ignored, because the poppy plant prolonged its body but it did not generate biomass. To sum up, the plasma treatment with shorter time exposure (3 min, 5 min, and 10 min) is crucial for poppy seeds. The following investigation will therefore concentrate on experiments under lower time exposure for poppy seeds modification.
The course of germination ( Fig. 1) confirms the theory about physicochemical erosion of the seed after plasma treatment that results in faster water absorption in the early germination phase [9, 10] . This probably enables faster seed soaking and germination of the plasma treated seeds. During the following growth, treated and non-treated seeds develop equally. Vacuumizing has no significant effect in comparison to plasma treatment [9] .
The previously tested species (wheat and oat caryopses) and poppy seeds belong to different taxonomical groups. Both cereals are monocotyledonous (Poaceae family) and their storage devices in seeds contain mainly saccharides. On the contrary, poppy seeds are dicotyledonous (Papaveraceae family) and are oilseed crops. The seeds contain 40%∼50% lipids, have a different structure both inside and outside the seed, and contain different storage substances. Thus plasma probably reacts with poppy seeds in a different way compared with cereals [10, 13, 16] .
A slight increase of germination rate and acceleration of early growth (Figs 1∼5) can be very important from an economical perspective. Additionally, plasma may disinfect seeds. It is well-known that plasma treatment destroys viruses, bacteria and probably fungi, too [12, 13, 17] . Thus diseases transmitted on the seed surface can be destroyed, under certain conditions, or at least their infection potential can be reduced [14] . That is the reason why our further investigation will aim at disinfection of the poppy seed coat.
Cold plasma treatment is physicochemical treatment that can be an environmentally friendly alternative to various chemical substances. After chemical agrotechnical treatment, chemical residua from synthetic pesticides and growth stimulants can ooze into the soil, water and plants, and thus enter various food chains, including that of humans. Soil, water and plant contamination cannot occur if plasma treatment is used. That is the reason why this trend in investigation, alternative agriculture, is very promising for the future. 
